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ROYAL ATRCRAFT ESTABLISIMENT, FARNBOROUGH

The use of fuel for cooling purposes in aircraft
by L

W. G, Lydiard , ' '

RAE Ref: ME/AL/A)22/AWGL

SUMMARY

The cooling potential of fuel consumed by the propulsion -engines of
an aircraft depends on the fuel flow, the initial fuel temperature and the
maximum fuel temperature permissible in any part of the system, The latter
limitation is taken to be imposed by the necesaily to prevent vapourisation
in the fuel gystem or over-hsating its ocomponents,

Only a partion of the aveileble potential can be usefully employed
for space or equipment cooling due to the effects on the fuel of inefficient
pumping, asrodynamic heating and heat flow from the engine installation.

It is concluded that with kerosine or less volatile fuels it is
possible to sbsorb the whole of the intermal waste heat loads of currently
conceived turbo-Jet engined alrocraft at speeds up to M = 3,

With volatile fuels such as wide cut gasoline this possibility is
marginal, being dependent om the temperature rise of the fuel in the burners
on whilch information is incomplete.,

Attention is directed to cexrtain inefficlenclies that materially reduce
the effective heat oapacity of the fuel, and recammendations are made for
fHurther work, .
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4 Introduction ,

As airareft flight speeds increese, the temperature of the ram air
rises to values which progressively reduce its utility as a cooling medium.
Current operating vtemperatures are:-

TABLE I

Qurrent maximm operating temperatures

Servioe or componenh Temperature °C
Csbin air )
Electronic apparetus , © 56 <70
Lubricating oil to engine 100
Electriocal equipment 120 - 150
Components made of )

alumindum 'alloys, . . 100 - 150

The Jmting Mach numbers for d:l.rect ram air oooling can be seen in

Figed, and also those for alr at ram temperature cooled in a simple furbine .
of 63 1 expansion ratio., Othér methods, such as cascade expansion of aiy oxr °

evaporavion of a liquid may be used; but in any case the aircraft fuel is a
readily avedlable .coolant fow: SOme PUrposes.. .

In this notée an assessment is made of the rise in fuei' temperatures in
various fuel systems® and the maximum temperatures that can be tolerated.
TFrom thls and the fuel consumption rate the amount 6f waste heat that can

bs. absorbed by currently used fuels én route to turbo Jet engine combustion
_chaubers 1s deduced,

.2 Conditions affécting the cooling potential of the fuel -

The possibility of direct fusl cooling depends on:

(1) the fuel temperagure being sufficlently low,
’
(11) the heat added not cansing
(e.) fusl vepourisation or chemical instability in a region where this

could upset oombustion or control e.gs in a pump or metering
device,

(b) fuel tempernturcs in exoess of the spontaneoua igﬂ.tion
temperaturé, thus inoreasing the fire hazard due to leaks, and

(ii.'l.) the fuel temperature in any region of the fuel system not -exoeeding
the maxinum operating temperature of the systam in that region,

ks an example of (1), the fact that the temperature of the fusl in the
tanks may rise to 50°G while the airoraft is standing on the gmund in the

“'Tha term fucl systom as used in thia mte inaludos ad.l oomponents used for
the storoge, tranafor, pumping and control of the fuel regardless of whether
they are mounted on the oirfreme or the engine, Outlines of two typioel
furbojet engine fuel systems are given in Mg.2.

-
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sun’ means that it can not be used directly for cooling the cabin air or

possibly the electronic epparabus.
2.1 Fuel tmerature 1imitations

The onset of fuel vepour:!.sation is dependent on the presaure,
temperature and the type of fuel., The varietion of vapour pressure with

temperature 1s shown for several fuels in Fig.3 (Fig.3 of Ref.6).

It can be

seen that wlde cuf gasoline, being more volatile. than kerosine, has lower
maximum operating temporatures for the same pressures.

The permissible temperatures, and hencs the amount of heat which ocan
be absorbed by the fuel en route to the engines, are at their lowest values

at high sltitude, partioularly st engine idling conditions, whén the pressures

throughout the fuel system are low due to the low anbiant pressure and the

reduced rate of fuel flow, The following table gives typical values:

Fuol vepourdsstion Mmits at 50,000 £
{ ¥ndmum Maxioim allowable temp.
Reglon of fuel system fusl
' ; | Pressure | i ge out | Kerosine | Piesel
P.Bcioal gaso]ine o g 011
M pressure. gide of syst‘eamr
A Unpressurised fuel tanks 1.68 21 89 145
B Pressurdsed fuel tanks 5 52 123 185
n : 42 80 162 | 228
-O ¥ain engine pump entry E 20 98 198 | >250
High pressure side of Duplex
burner system )
{D Main burner lines (max continuous) | .30 110 210. >250
‘B " " (i1dling) 8 é5 Wt 205
F Pilot burner lines (idling) 50 133 22 >250
G Before pressurising valve 100 175 >250 > 250
| Spll controlled burner '
|'H Spill lires (max continuous) 1 300 >250 >250 > 250
J " " (idling) 400 232 >250 >250
K Spilled fuel at entry to supply
pump. Iow booster pump pressure 2 12 80 162 228
. High " n " 2 .98 198 >250
Yapour burner _
'L Pinal orifice (max continuous) 10 75 152 219

Temperatures above 250°C should not be excceded since spontansous ignition
and cracking of thése fuels are then liable to ocour. Gumning commences in
sanc fuels at a temperatum of 110°C but this is avoidable by seleot:lon of

the fuel., -

*
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2,2 Choice of tne relevant fuel temperature limitations

The locations where heat may be transferred to the fuel are discussed
in section 3, but the meximum temperatures o which the fuel can be raised
bafore vapourdsation cccurs can b6 seen from the above table. It must be
borns in mind that a high permissible temperature in the early part of the
system is of no utility if hot fuel then flows through a lower pressure
reglon whers vepourisation may ocour., In a duplex burner system the final
limitztion is glven by condition E in the main burner line at high altditude
idlirig conditions, If vapourisation in this region really is the 1imiting
condition it means that there is little cooling capacity availeble-with this
system when using wide out gasoline unless precooling is cerried out, A
doubt es to whether this ia the limiting condition erises from the fact that
although vapouwr emission 1s known to be troublesome if it occurs at entry
to a pump or flow metering device, it is not dlear whether this applies in
the lines deliverlng a motered flow of fuel to the burners.

In the case of the epill conttollad gystem with no cd.rculating pump,.
the limitation is that given by condition X, at emtry to the .supply pump,
since a large proportion of the spilled fuel is passed back to- this region
at low burner flows.

However, .n both these cases it may be possidble to take advantage of -
the higher temperatures which can bé tolerated in higher pressure regions
of the system under idling conditions if the fuel is then cooled bdefore its
pressure s reduced. It appears feasible to accomplish this by a rem alr
heat exchanger which is brought into use when at the low airaraft speeds
assoclated with low fuel flows, ]

, The use of a heat exchanger in this wey also makes possible continued
cooling of -equipment by the same basic method after exhaunsting the air-
craft's fuel supplies. In this case, operation continues in & closed
circuit with no flow to the engines by reserving enough fuel to keep the
circudt fillcd.

Another method of limiting the temperature rise under idling conditions
is to pass fuel, additional to that flowing to the engines, through some of
the components, and then return this excess to the tank. This technigque,
elther in conjunction with a ram air heat exchanger or separately, is con-
sidered to be acoepbable for the brief perlods when it is 1ikely to be used,
partiocularly 1f fuel in the low pressure booster circuit only is recircu-
lated, .As a result, the fuel in the tanka is heated at the rate of .about
10-12°C per hour when sufficient fuel for one hour's high altitude cruise
remains. A tank tamperaturo-rise greater than about 5°C from this cause is

extremely unlikely.

Having regard for these methods of dlsposing of waste heat when the
engine is 1dling at high altitudes, the most important condition requiring
examination is maximum continuous high eltitude operation, where the maxdi-
mum permissible temperatures are given by condition D for a duplex system
and by condition K Tor a spill controlled system. At these conditions, and
with speeds exceeding M « 1,6 to 1,8 in the stratoaphere, the temperature
of the ram air is too high to ensble it to be used for fuel ocoling. Any
ram air heat exchanger ia therefore bypassed, and the increased engine fuel
flow must ebsorb the heat input into the fuel system without excessive fuel

temperature rise.

The low fuel pressures at prosont employed in vapourising fuel systems
eappoar to oldminate thoir employment for heat ebsorption, but there seems to
be no reason why the pressure lovel should not be raised to that of either
of the other two systems examinod here.

-f -
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2.3 Fuel system camponent temperature limitations

The. pri:noipal t empexrature lu.nxitationa are due to the use of xubber in
various appuoations such as flexible bag tanks and for seals in integral
tanks, pumps and controllers, and olso due to bearing materials and differ-

ential expansion in the controllers. -

The maximm femperature to which fusl resisting rubber may be subjected
depends on the useful life required and whether it is expoaed to air or not.

Typioal valuas ares=
. TABIE IIT
Life o’fz fuel rosisting rubber. et elovated temperatures’

Terperature °C - Surrounding Medium “Lif@-HOurs
130°C o Alr i 150
" 0ix 600.
150°¢ : Air 2
" : 011 . 350

*

There is apparently no immediate prospect of en increase ln thése
temperatures,

In a numbeér of ceses 1% is poasible ©o replace rubber by other materials
e.g. floxible pipe may be constructed of metal, and ita oomplete elimination
from the fuel syatem should not be 1mpossible.

At moderate stresses, bcaring materiels should be eble to operate at a
bemperature of 200°C, and the prescnt day limitatvions of 100°C for purps and
70°¢ for controllers are often associated with diffﬂren‘bial expansion

difficulties.

3 Location of heat transi‘e‘r‘tq—the‘ fuel

Heat trfansfer to the fuel can be arranged to take plaoce in three loca~
tions, either separately or in conjunction with one another-

A By nounting a ‘heat exchanger in a fuel tank, or by pa.saing i‘uel fron the
fuol tank; independently of the engine flow, through a heat éxchanger

back to the tank,
B During trensfor of the fuel from the tank to the mein engine pump.

G On the high pressure sido of the main englne fusl P,

The first method emablea the flow to be sdjusted to suit the oooling
demand and Indtially uses the coldest fuel availsble in the system. The
temperature riscs howevor at an increasing ratc as the $ank emptios, and the
heated fuel is subscquently passed through oll the fuel system components. I
addition the pressure level is ow, and the fuel temperature rise must be
limited to a greator extent than with the other locations to prevent boiling,

Method B uses pmac‘bica.lly the ooldest fuel avoilable (since the heat
input from the tank puips is small) and does not raise the tank temperature,
but the flow is dependent on the* nain englne demond ond will very greatly at

-7~
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different speeds and altitudes so that loads which persist when the engine
flow is low may not be covered adequately unless a bypass back to the tank - -
is employed. In meny cases the change in the heating loads at high altitude ‘
or throttle back conditions doés not match the reduced fuel flow. The
vapourisation limit is higher than in the former case sinoe the pressure ias
increased by tank pumps in most cases. ' - )

Method C is used at present for oil cooling on some engines, and ) 1
allows the fuol to be raised to the highest possible temperature, particu~ :
larly if the heat exchanger is placed after the flow controllers, However, fi
this is the point in the system where fuel temperatures are already high, :
thus limiting the cooling applications, Another disadvantage is that 1%,
involves mounting further heat exchangers on the engine, or tak:l.ng metered
fuel away from the engine to a remote heat exchanger and back again. These
difficulties should not be too grest if consideration is given to them at
the design stege. Troubles due to flow variation will again be enocountered,
and the technique of bypassing additional fuel back Yo a lower pressure
reglon 1s not as attractive as in case B aince the higher pressure results
in greater fuel heating due to pumping inefficiency. = .

The difference between the limdting temperatures based on vapourisa—
tion in the three looations (Table II) and the tank temperature is a
measure of the gquantity of heat which can be sbsorbed by the fuel prior to ,
each location, For a tank temperatire of 50°C it cah be seen that the X
capacity avellable usirg method A, with a permisaible temperature rise of. q
only. 2°C for wide cut gasoline, is smell, and that methods B and C glve
promise of considerably greater ocooling -capacity,

However, quite a large proportion of this oooling capacity is today
being utilised in various ways, and this aspect is conslidered in the next
section,

L Heat input to the fuel on ourrent aircraft

The sources of fuel heating on current aircraft are associated solely
with operation of the engines, and arise from inefficient fuel pumping,
pressure reduction by throttling, coaling of the lubricating oil and heat
transfer from the combustion .zone to the fuel burners. Full discussion of
these matters is rclegated to Appendlces I and II, and a swmeary only is
given here.

The power taken by the booster pumps in the fuel tenks of a present
day four engined bomber is sbout 5 XW, and at an assimed efficlency of 25%
this results in a 1°C temperature rise of the fuel at the flow demanded at
high altitude cruise, This temperature rise is teken to apply in all cases
considered. \ .

The power taken by the main engine pump of a typical 10,000 1b thrust
engine may amount to 25 HP® and the reheat pump far such an engi.ne may take
sbout 50 HP. Some fusl heating is bourid to ocour due to pumping ineffisiency
but. the magnitude of this effect depends on the type of pump and the o.z‘range-
ment of the fuel system,

The method of cbtaining burner flows lower than the pump ‘meximum out-.
put is most important, because the fuel flow range of a turbo-Jet engine
between sea level and high altitude meximum power. conditions is about 10:4
without taking into account the use of reheat or the fact that the pump
output mey be appreciasbly greater than the maximmm fuel demand..

In Appendix I is shown the considerable reduction of fuel heating at
Hgh altitude obteined 'by using a variable displacement instead of a oonstent
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displacemont pump, Fig.9 illustrates the fuel temperature rises which may be
obtained with various systems. ‘ .

An engine driven resérve or reheat pump can result in a oonsidersble
rote of fuel heating when ita output is being largely or entirely bypassed.
This is indicated in Fig.10, An independently dxiven pump, which can be
stopped when not required, is a far botter arrangement where the output is
only regiired for a brief part of the flight pericd. .

‘Fuel cooling of the engine lubricating odl is riow bscoming general,
ahd dan result in an appreoisble temperature rise of the fuel as shown in
Appendix IT and Pig.41. - I : I

In both spill and duplex burners heat 1s transferred from the combustion
gaseéa to the fuel in the burners and the burner lines, The effect of this in
relsing fuel temperature is taken into acocount t6 a large extent in the ocase
of the apdll burner by using the meesured valuos given in Fig,12 for the
temperature riss of the fuel spilled to the pump inlet, but the effect of such
hoating in giving rise to vapourisation in the burner swirl chember and the
sensitivity of the burners to vepourisation irn thia region requireé more
investigation. Various measures such as insulation or shieldlng may be

adopted to reduce heat tranafer in this region.

The temperature risecs of the fuel en route to the engine due to these
effects are tobulated below for two types of fuel system using engine driven

pums at a fuel flow of 10% of the maximum rate, which spproximates to cruise

conditions at 50,000 £t,

TABLE IV
Total fuel tanpergtl_xre rise in ourrent engines

Temperature rise at high sltitude °C

2 Spill bumer
wlith constant
stroke pump

1 Duple:é burner
system with
variable stroke
pump

Cause of fuel heating

Booster pumps in tanks ‘ 1 '

Two shaft engine
Pumping inefficlency

Bngine oil cooler: ) )
i 10 - 23

3
5
e

0w
.35

21
16

VUHea"t ‘transfer to' burner
Total fuel temperature rises

Single shaft engline
Two ahaft quinef

46 -2
41

48 - 64

[£]

The use of a constont displacement engine driven rehcat or reserve fuel

pump will, in oddition, radse the main enginhe pump inlet temperature very

¢onsiderobly end ocan also result in heating of tha fuel in the tank at a rate

indlcated by Plg.10.

The volues given sbove arc dependent on the specific heat of the fuel

(which will not aiffer opprecisbly for any fuel of the petroleum type), on the

-G -
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putip delivery pressure and on the propor'bion of the maxdmum pmnp output
which is used at high altitude.

It can be ssen from the above tzble that a single shaft engine results
in less fuel heating than one with two shafts, and that fuel system (1)

( 2). This difference will
however be affected by heat input to the burners themselves if vepourdsation
in this reglon is oritical. Lack of knowledge on this matter makes a full
compardison of the two systems lmpossible.

.5 Hoat input to tho fuel in future aircraft

The fuel temperature rise due to inefficient pumping and oll ocooling
is taken to be the sams in future high speed aixroraeft as given in Table IV
on the basis that fuel pressures and pump efficiencies will not change
appreciebly from present day values, and that improved beaxing cooling and
insulation techniques will keep pacé with increasing compression and com-
bustion temperatures.

With increasing flight speeds however, further heat qusntities will be
yassed into the fuel as the result of aerodynamio heating, and thus reduce
its cepacity to sbsorb the airorsft's intermal waste heaf loads.

5.1 Asrodynamic heating of the fuel in high speed flight.

: Tho extent of aerodynamio heating of the fuel depends on the airoraft
speed =and the shape and the degree of insulation of the tanks and pipe runs
either by virtue of their loocation or wall oonstruétion ~ the heating effect
belng less, for example, in fuselage tanks than in those located in the
wings. The degree of insulation required depends on how the aircraft is
used, since if there is a period of subsonic high altitude flight prior to
a short supersonic period 1t can be advantageous not to insulate so as to
obtain same degree of fuel ocooling, Drop tanks wilch are either dlscarded
or emptied prior to supersonic flight are useful in this respect.

The extent of aerodynamic heating of the fuel 1s. estimated in this
note for uninsulated and insulated tanks in widlch either the submerged
surface only or the entire tank wall is cooled by the fuel when the tank is

In the uninsulated case the heat transfer is calcilated from Ref,.l)
using the following relationship;-

p
n

., ~0¢l{-6 ’
2,00 351/5(.;.1.) PGy (T4, = To) C.H.U./£t%/min

Reymolds riutber = 8%

whore Be a p
P = density of air /e85
u = veloaty , - . ft/se0
X = length of fuselage or wing ahead of the tank cemtre - £t
0p & spocific heat of air \
Ty = eamblent temperature %

T, -Y surface external temperaturé % 7
Ty, = Suwface external temperatuwre far zero heat tramafer °K
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The wall cxternal temperature T, s assumed egual to the fuel

temperature. Tp , and the rate of fuel {emperature rise is then

a8
‘ f7f Py

ATf, =

46 -
. 200 Re 1/5(5;) PoaCy. (m(,, - '.rf) s “

 Pe0p °Vr

viere 'S = tank sufae area through which heat trensfer coours - ft2
P, = fuel denalty = 50 /24’ for petroleum type fuels
Ve = fuel volume - £t7 '
0, = fuel gpecific heat,

1

In the ocase of insulated tamks, a 1" thickness of glass wool, thermal
oonductivity X = 0.3 C}m/hr/ftz/inohfc has been assumed. Thé wall external
temperature T, 1s taken equal to Tw :

Then heat transfer

q = %3 (Tu, = Tg) 8 CHU/min
60
and
' 0s005 (T = Tg) 8
AT, = < °6/tuin {2)
Pf'vf.cpf ] » :

Rquations (1) and (2) have been applied to fusl tanks in aircraft
flying at 50,000 ft. Pig.13 shows the rate °§ fuel temperature rise at
various fusl temperatures for unit value of V for uninsulated tanks, and

Mg, g.ves the rate for unit value of Sﬁrf for insulsted tanks. The
ratio /V of swface arca through which heat transfer takes place to the

fuel volume is plotted in Fig.15 for cylindrical and sleb tanks com;aim.ng
varying fuel quantities for the case where heat transfer oocurs through the
entire area exposed to the exfernal alr stream as a result of spray cooling
the dry wall, and for the cose where heat transfer only occurs through the
surfane subnmerged by fuel.

As an example of the fuel temperatures attalned due to aerodynantd.c
heating, perticuler cases have been evaluated and the results are plotted in
Figae16 and 17 for uninsulated tanks end Figs.18 snd 19 for insulated ones.
Thorough mixing is assumed to tiéke place inside the tank, otherwlse the fuel
temperature at the wall will be considerably greater than that at the centre.

- 44 -
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It can be seen that at Mach numbers sbove sbout 2 the fuel temperature rises
rapidly particularly in uninsulated wing tanks or if the entire tank surfoos
is coaled by the fuel.

Consideration is given to the latter case because, as shown in Ref.5,
the temperature of the dry tank wall ebove the fuel level can rise %o high
values daring sustained flight éven when insulation is used, The resulting
well temperature may be undesirable fram the point of view of exceeding
akdn or sealing material temperature limitatlons, thermsal stress, or the
possilbility of attaining the fuel spontaneous :Lgnit!.on tempara.ture.

Theé heat capacity qf‘ the fuel can be most éfficiently utilised for
wall ocoling as suggested in Ref,6 by pasaing the flow around the fuel tenk
en route to the engines, t hus shlelding the bulk of the fuel from heating
effects, This gives a fuel temperature rise which is independemnt of the
time of flight and is estimated at the following values for & 200,000 1b
AU.W., airaraft similar to that tsken in Ref.6, having a tank surfeace area

of 4,300 2 insulated by a 1" layer of glass wool.

TAHLE V

Aarodynamic heating of the engine fuel flow consequent
on ahiel_@gg insulated fuol tanks

Machmnnber ' | as | 2 | 28 | 3

2.6

Fuel Tanperature rise %G 0 0.8 1 1.8

If it 1s assumed that the fuél pressure in the shielding passegeées is
that at the englne pump emtry, the fuel temperature attained will be well
below the limiting temperature of 80° for wide ocut gasoline.

5.2 Absorption of the waste heat from the awdliary eqiipment

Heat 15 generated inside the airaraft by the electrical and hydranlio
systems, and oooling is required for the cebin air. The magnitude of these
heat loads depends mainly on the magnitude and efficiency of power generation
and utilisation which vary with airareft size, type and Mach number, and can
not be defined gemsrally, Inareasing functional and strategic capacity with
‘the passage of time appears to be a very importamt factor oontri‘buting %o
increasing these loads in future alrcraft.

The asgessment of the temperature rise of the fuel flowing to the
enginés consequent on absorbing the aircraft internal waste heat loads is
therefore carried out for several arbitrary velues of waste heat per unit
oll up weight (watts/Ib). The temperature rise depends on this valus and
the fuel flow variation per unit all up weight. The latter variation is
derived fram the theoretical 1ift/dreg end specific fuel consumption velues
of Fig.20A for alrcraft having the optimum performanoe at each speed; and is
plotted in Fig.20B. The resulting tempernture rises are plotted in Fig.2i.

For a given fuel temperature rise the value of* waste heat cépacdty per
undt all up welght increases with Mach number due to the greater fuel flow
at high speeds. From the previous assessments of maximum permissible fuel
temperatures and the temperature rises die to pumping, oil eooling and asro-
dynamic heating loads etc. it is possible to assess the amowit of waste heat
that can be accepted from the awdliary equipment.
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The oabin alr and trmparenoy heat loads are fairly amall and, using
the values g;l.ven in Ref.6, will together give a temperature rise of the fuel
flowlessthan10atn=3. ‘

5¢3 . Heab ocapacity aveilsble for ebsorbing internal waste heat loads

In Fig,22 a sumation is given of the temperature rises of the fuel
flowing to the engines due to ghe varjous causes enumerated in this note. An
initial tank temperature of 50°C end heating up to the limitations quoted for
wide cut gasoline in Teble II are assumed. The acrodynamic heating effect
included is that encountered due to shielding an insulated tank by the fuel

flow. In en unshielded tank, where the fuel in the.tank is heated directly,

it is assumed that precooling of the fuel is applied so that its ‘temperature in
the tank does not exceed 50°C during the whole flight, In this case the aero~
dymamic temperature rise shown in the diagram should be amitted. A rehsat
systen is presumed to be arranged so as not to result in heating of the fuel
when reheat is inoperative,

The residue of the permissible bamperature rise after absorbing the
asrodynamio, osbin, pumping, oil coolirgand burner heat loads is aveilable for
the sbsarption of the auxiliary equipment heat loads,

In Fig.22 a spill ocontrolled burner system using an englne driven con~
stant displacement pump is ocmpared with a duplex burner gystem using a
varisble displacement pump from the point of view of utilisation of the fuel
as a coolant, When using wide ocut gasoline at an initial temperature of 50° c,
the spill aystem is already r urming into overheating trouble due to throttling
losses in the reciroulated flow and to heat picked up in the burners,

Under the same conditions a auplex burner system has the margin given
in Pige23 available for cooling purposes plus fuel temperature rise in the
burners. The latter velue is not known, and since it may be of the same order
as the margin aveilable, the use of wide ait gasoline as a coolant can not be
advocated for this system until further wark has been done o establish the

importance and the magxri.tude of the burner heating effect.

Fige 2 shows the temperature rise availeble for absorbing the burner
and awdlliary eqipment hoat loads in a duplex burner system and the auxiliary
equipmert heat loads only in a spill controlled system whén using kerosine,

In this case the avallable température rise is large, and the capacity
for absorbing wastc heat loads in terms of watts/lb all up weight implied by
these tamperature rises is also plotted on this figure, The values shown for
the duplex burner system will be reduced as a result of heat input to the
burners, but it appears that either system has ample capacity for absorbing
the waste heat loads at present visualised as coming from the audliery
eqiipment, When using this fuel or cne of lower vapour preasure the eqlﬂ.pnent
temperature l:\.nrltations will be met before fuel vepowrisation commences. )

It is. conneivable that eiraraft limitations may result in a oonsidera.ble
reduction of flight speed at low altitudes relative to the high altitude
value end thus reduce the fuel flow range and oonséquently the heating effect
due to inefficient pumping, In addition, work is known to be in progress to
reduce the heat tranafer to the burrers by the use of insulation, so that an
improvement over the values estimated here is possible. Another tendengy,
that of using fuel manifolds inside the combustion chember, will have the
oppoalte effect.

The use of rem eir heat exchangers for fuel cooling is practicable with
eithor system up to ram air temperatures of 60°C to 80°C i.e. up to Mach

~13~
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numbers of 41,6 to 1.8 in the stratosphere, This method also appears to
possess potentinlities for ooping with the cooling problem under fuel
exhaustion .conditions by operating a closed cirouit through the heat
exchangers and the equipment to be cooled, ’

The arder in which the heat loads aré absorbed by the fuel depends on
the temperature to which oooling is required, the type of fuel system and
its component temperature limitations and the method edopted for preventing
excessive temperature rises during idling conditions, -~ .

* - Foxr the case where this is accomplished by recirculation of excess
fuel to the tank it eppears desirsble that the osbin, awxliary eqipment.
and asrodynami.c heat loads should be absorbed by the fuel in the booster

- ofreuit before entry to the main pump in order to minimise the pumping beat

load and because these are in general the applications in which the load
may reamain at a high level during engine idling oonditions. The engine oil
cooler-wopld' ther be placed on the high pressure side of the fuel system.

‘ ¥When using a ram air heat exchanger to deal with idling oconditions it
will be necessary to absorb the auxiliary eqiipment and oil cooler heat
loads in a high pressure region of the duplex system or in the spill oircuit
of & spill ocontrolled system. ~ ‘ o

6 Conclusions

Examination of aircraft fuels and fuel sgstems‘ indicates that when
using kerosine at an initial temperature of 50°C, the fuel flow to a furbo-
Jet engine can be used to shield the fuel tank, from asrodynamic heating and
to cool the cabin alr, the equipment, the engine Jubricating oil and the fuel
burners at speeds up to M = 3 or more and at altitudes up to more than
505,000 £t, These limdits are dependent on preventing vapourisation in the
fuel system and ocan only be defined exactly by detailed investigation into
each individual system.

With volatile fuels such as wide cut gasoline, the present spill com=
trolled burner system would be expected to give trouble due to vapourisation
under the sbove conditions: In a duplex burner system the possibility of
using this fuel as a codlant is marginal, being dependent on the temperature
rise of the fuel in the burners, on which information is lacking.

~ An initial temperature of 50°C represents the worst case expected
during operation in the tropics, TIn gemeral the value will not be as high,
thus giving the fuel system greater cooling capacity.

The low fuel pressures used in vapourising fuel systems at present
precludes their employmént for useful heat absarption; but there appears to
be no reason why the pressure level should not be raised to that of elther
of the other two systems examined herein. ‘

1t i3 assumed that the fuel tarnks are either insulated by about 1" of
glass wool and shielded by the fuel flow or that, in the oase where heat is
allowed to flow into the tank, the imdtial fuel temperature is sufficiently
low so that vapourisation is not caused as a consequence of aerodynamic
heating, In the latter case, tank insulation can only be omitted if the
period of high speed flight is very short, otherwise more extensive tank
pressurlsation or fuel precocling will be required.

Excessive fuel temperature rises at engine ldling conditions are
assumed to be prevented by some such means as reéciraulation to the tank or
by the use of a ram air fuel cooler. A reheat pumping system should de
arranged not to heat the fuel when reheat is inoperative.

-4 -
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At the assumed initdal fuel temperature of 50°C, coaling of the cabin
alr and probasbly the electyronie equipment can not be carried out dlreoctly by
means of the fuel, BEither colder fusl or a refrigeration cydle, possibly
using the fuel as a heat sink, will be required for these applications.

7 - - Suggestéd acti

Work is required to esteblish the maximum temperatures to whioch various
fuels cen be heabed in representative fuel systems at high altitude cruise end
idling conditions. In partioular, information is required sbout the sensiti-
vity of a duplex bu.rner to vapourisaﬁan dus to heat transfer in the combustion
chamber..

The poasibility of ralsing present dey maximum temperatures by modifioa.-
tion 'ho the fuel gystem should be investigated.

Cpnservation of the cooling potential of the fuel is necessary and can
be achieved by the use of insulation and by the rediuction of waste heat from
the punping and awdliery power systems, 'To this end, attention should be
drawn to the necessity for efficient pwmping, partioularly at the main cruls-
ing oondition. The average load efficiency of auxiliary power systems should
be improved by designing them to have the minimum capacity to meet the demands
made upon them.

No. - Author ' ‘ Title, etc..
1 ' Brief Trials of a Fuel Cooled Oil Cooler on
a Ganberra B Mk.2 Equipped with Avon Mk.1
Engines

2ith Part of Report No. AAEE/861/1
{Boscombe Down)

2 U.M, Barske The Désign of Open Impeller Centrifugal Pumps
Westcott Tech Note No. RED 77 Jsnuary 1953
3 A.B.P, Beeton ' The Performance of en Experimertal Rem Jet
‘ Turbo Pump
NGTE Memorandum No, ¥ 205 March 1954
4 ReJ. Mohaghan Heat Trensfer by Foroed Convection at
Supersonic Speeds.
RAE Tech Note No. Aero 2259
5 D, Rendel, Temperature rise in bodies travelling at
D,A. Hancock and supersonlc speeds
T.E. Foster "RAE Tech Note No, MB 166, Jenuary 195);
6 Dele Hamoook The Cooling of a Supersonic Aircraft

RAE Tech Note No. ME 147, April 1953
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APPENDIX I
 Heat :lznput £rom the high pressure fugl _pump

. Engine ariven plungei type pumps. are in general use for the mein fuel
systm of turbo-Jet engines, but other types, notably the centrifugal pump
and. other driving methods are also used for the reheat system., The simple
gear pump has fallen into disfavour, but work is in progress at the moment
to improve its characteristics, The efficienqy of a plunger pump can be -

‘between 70% and 90K st maximm rate; docreasing at low rates to 258 to 50K

dependent on the rate, pressure rise ahd speed, Actual values over a wide
range are dlffioult to cbtain, since the ¥ype test schedule does not call
for efficiency or power measurcments, Plgs.l and 5 illustrate the effieliendy
variation for a fixed stroke and a varisble stroke plunger pump respectively,
though the difference between the peak velues shown may not nocessarily be
typical of each typé. Ef‘fid.enoy values for centrifugal ‘pumps are usually -
conslderably lower. Fig.6 shows the characteristics of a centrifugal punp
which appoars to bo representative of  current designs for aircraft.epplica~

~tions, Apprecisbly higher efficienciocs then this can be. realised by good

design at higher flow rates and with presswrised inlets. Beeton? ha.s obta;l.md
peak efficiencies of 60% under these conditions. .

Pigs7 shows_ the tmpere.ture rise of the fual during a single paaaage
through a pump for any efficlency and pressure rise, the actual value in any
system depending on the relation between flow and pressure rise demanded by
the engine control system. This gives a complete picture of the heating
affsct of & variable displacement pump in which it should be possidle to.
mako the output equal the demand at all conditions., This ia not the case
for a fixod & splacement pump since the flow through the latter is practi-
-cally constant at a given spced; low fuel flows to the burners, i.c. at
high altitude, arc obtained by recirculating a large proportion of the pump
throughput with a conscquent increase in the rate of heat input.

The usual praoctioce is to roturn this oxcess fuel to the pump inlet
through a throttle. This results in a cumulative temperature rise greater
in value than the sum of the temporature rises during each passage through
the pump due to the degradation of tho pressure cnergy of the fuel to-heat
during tho throttling process,. Fig.8 shows the temperature rise of the fuel
in a pumping system for any flow ratio ~ definod as system outpuf:/pmp out-

put over the range 0 to 0.5:

The fuel flow range of en engine between sea level and high altitu&
maximm power is ebout 1034 without taldng into account the use of reheat,.
and assuming that the pump does not give any excess flow at sea level condi-

- tions., Fige9 gives tho tomporaturo rise in various pumping systems at

constant. ongine spocd, end shows that. for a fuel flow of 108 of the maximim -
availeble at that engine spoed the temperature rise when using a constant

i splacement pump is sbout 21°C whoreas those for the vaz%able & splacement
and independently driven oentrifugal pumps are 5°C and 18°C respsctively. . A
dixectly driven cemtrifugal pump would oporato more disgdmxtageoul]y than
any other in this respect, The pump pressure flow rclationships imposed by
the engine controller which are assumed in obtaining these ourves are
intended to represont practical oporation at constent r.p.m.

The problam is aggravated by the provision of a reserve or rcheat
pump, becouse in these cases the oufput is réduced to szoro for long periods,
and if the punp is englne drdven and is of the plunger or gear variety it ias
neoossary to keep it from overheating by the passago of a cortaln quantity

SECRET -




SECRET

Technical Note No, ME 209

of fresh fuel which must then be discharged back to the tenk or otherwlise
disposed of, A reheat pump mey pass up to 2% times the main englne flow,

and the oxtent of tark heating under those conditions dcponds on the power
required to drive the pump vhen all the output is bypassed. For a fixed
stroke plunger pump this value is unlikely to bo less than a quarter of the
powor reqiired when passing the maximum reheot fuel flow at 1,000 pis.i. In
the Sepphire 8a 6 installation in which the reheat pump capacclty 18 equal to
that of the main engine pump, the heat input to the fuel from the reheat pump
alotie at maxinim continuous r.p.me wlth rcheat off is cbout 11 HP.' Under
those oonditions at 55,000 £t the main englne pump alone operates below its
limiting temperatire when tho fuel temporaturc in the tank is below about 50°C
so that some of the reheat pump cooling flow can be passed through the main
pump to the cambustion chamber, thus réduairng the tank heating offect. .As the
tank temperature inareases however thia cart only be done to a progressively
amaller extent, Typiocal tank temperature variations with time are given in
Fig.10 which shows that operation for any length of time under these oonditions
is 1mpract1cablo unless the fuel quantity is large or the tamperature 1ow.

f[f a cemrifugal type punp with a separaj:a boarl.ng lubrication wstem is
used, the Pproblem may be cased by draining out the fuel and allowing it to run
ary, but it is not believed practiocsble to employ this mothod with the other
types. Another possible way of preventing fuel heating by the reheat pump is
to heve it driven independently of the engine by an electric motor or air
turbine so that it con be stopped when not req,lired. Both these methods are
under oonsideration by the pump manufacturers.

&m.td.aing ‘the situation ‘regur‘ding heat input from the pumping gystem
it is obvious that soms of the mothods used at present are designed without
oonsideration being given to this effcct, omd are wastéful of the oooling
potential of the fuel, The main ongine fuel pumpa are generally engine driven,
and, if it is essumcd that maxdimi thrust and high flight spoeds will be used
at sca level and hence that the sea level fuel oonsumption is very much greater
then at altitude, tho constant displacoment varicty of pump is seen to be
unsul toble for this duty because its heating effect at high altitude moxdmum
ocontinuous oonditlons results in a loss of a considereble proportion of the
oooling potential of the fuel. Vorisble displacement pumps ore better for
this duty, and even in this case the heating effect is apprecieble since pump
efficiency inevitably fells at low output, Thé artifice of shoring the pump-
ing work at full output betwecn two pumps moy be worthwhile sinoe one half of
the installation may then be unlooded completely at low owlput with a conse-
quent reduction in the overall heuting effoct, due to operabtion of one half at
higher efficlency, ooupled with the provision of reservo capacity which would
give full load operation ob high altitudo in the évent of failure of the other

For the reheat system the principsl requirement is that there must be no
fuel heating when reheat is inoperative. This would be beat met by the use of
independsntly driven puips which oan bo stopped when not required. Presumebly
simplicity of the pump itself is desireble in this case, end gear or oentrifu-
gal types should be satisfactory if the reduoced output required at high
altitude can be acoompanied by spooed roduction.
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APPET‘UDDC 1I

Heat ingut from the oll cooler and . ggi;.l burners

In earlier engines, the cooling of the turbine bearings and the
associated parts was acoomplished by compressoar alr bleed, but with increas-
ing alr temperatures the lubricating oil is now used for this purpose, a
flood flow recirculating system being employed. The lubricating oil in fum
is oooled by heat transfer to the high pressure fuel en route to the ocon-~
bustion chember.

The heat input from this source depends on the operating conditions
and the engine type., Some typical velues are listed below, and Fig,11 shows
the variation obtained over the operating range of en Olympus engine.

- Single aha.ft engine | Two shaft engine
Operating T. "j
i Heat Heat
SR i A R = b
HP. | t HeP.
| Sea level max, 2 Sa7 | 16 | 5 | BB 106 |35(design) | 8
continuous 1T RA 14 | 12-17 5-7 :Olympus 75 X
] 100 '
Sea level
e LI T 37
continuous (say 17) | ]
50,000 £t idling ‘ " . 3¢5 50

In the cese of the Olympus engine the magnitude of the convective and
radiant heat transfer to the burners eppoams to be spproximately half that
due to the oil cooler - see Fige12, When using a spill controlled fuel aystem,
& large proportion of the fuel passing through the burners is returned to the
pump inlet at oltitude oconditions, and consequently this heating effect is
cumulative, Consideration is belng given to insulation of thé burners in
order to reduce this. The effeot on systéms other than that using spill
control is not known.

In some alrcraft the rwaronlic oil is cooled by the fuel but no
figures have been obtained for the magnitude of the oconsequent fuel ‘heating.
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